Reduction of phytate is a major goal of plant breeding programs to improve the nutritional quality of crops. Remarkably, except for the storage organs of crops such as barley, maize and soybean, we know little of the stereoisomeric composition of inositol phosphates in plant tissues. To investigate the metabolic origins of higher inositol phosphates in photosynthetic tissues, we have radiolabelled leaf tissue of Solanum tuberosum with myo-[2-3 H]inositol, undertaken a detailed analysis of inositol phosphate stereoisomerism and permeabilized mesophyll protoplasts in media containing inositol phosphates. We describe the inositol phosphate composition of leaf tissue and identify pathways of inositol phosphate metabolism that we reveal to be common to other kingdoms. Our results identify the metabolic origins of a number of higher inositol phosphates including ones that are precursors of cofactors, or cofactors of plant hormone-receptor complexes. The present study affords alternative explanations of the effects of disruption of inositol phosphate metabolism reported in other species, and identifies different inositol phosphates from that described in photosynthetic tissue of the monocot Spirodela polyrhiza. We define the pathways of inositol hexakisphosphate turnover and shed light on the occurrence of a number of inositol phosphates identified in animals, for which metabolic origins have not been defined.
INTRODUCTION
Reduction of InsP 6 (inositol hexakisphosphate), phytic acid, stored as mixed salts, phytate, in grain and bean crops, and present in all plant tissues, is a major goal of plant breeding programs [1] . Although much research has been directed at the identification of low-phytate varieties of major crops, with emphasis on non-photosynthetic storage tissues (reviewed in [2] ), the biochemistry of inositol phosphate metabolism in photosynthetic tissues is largely unstudied; there is a paucity of data, with a few notable exceptions [3] [4] [5] [6] [7] [8] , describing the stereochemical identity of endogenous inositol phosphates in plant tissues. Such considerations are of relevance to all with interests in phytate and are particularly pertinent to plant hormone biology, with the recent identification of InsP 6 cofactor in the crystal structure of the recombinant auxin receptor TIR1 (transport inhibitor response 1) protein [9] and InsP 4 (inositol tetrakisphosphate) or InsP 5 (inositol pentakisphosphate) cofactor associated with the recombinant jasmonate receptor COI1 (CORONATINE INSENSITIVE 1) protein [10] . For these reasons, we have set out to describe the inositol phosphate content of photosynthetic tissue of a terrestrial plant. We report in the present study the stereoisomeric profile of inositol phosphates in leaves of Solanum tuberosum, the effect of antisense inhibition of MIPS (D-myo-inositol 3-phosphate synthase) on these inositol phosphate species, and, by mesophyll protoplast permeabilization, reveal the metabolic origin of a number of higher inositol phosphates which are not only probable physiological ligands of plant hormone-receptor complexes in photosynthetic tissue, but also represent inositol phosphate species in animals whose metabolic origins have not been tested.
MATERIALS AND METHODS
A flow diagram which illustrates the different experimental steps employed in assignment of stereoisomerism and enantiomerism to radiolabelled inositol phosphates is shown in Supplementary Fig ure S1 (at http://www.BiochemJ.org/bj/444/bj4440601add.htm).
Plant material
Potato, S. tuberosum cv. Desirée, was obtained from the Max Planck Institüt fur Molekulare Pflanzenphysiologie, Gölm, Potsdam, Germany. The antisense MIPS transgenics used in the present study have been described previously [11, 12] . Stem explants were maintained on 0.4 % agar containing 3 % (w/v) sucrose and MS (Murashige and Skoog) salts (ICN) in polypropylene pots in a Sanyo MLR-351 growth cabinet with 16 h/8 h light/dark cycle at 22
• C and a fluence rate of 200 μmol·m − 2 ·s − 1 , or in a Sanyo phytotron [12] .
Radiolabelling of leaf tissue of S. tuberosum
Leaf discs (six to eight) taken with a number 6 cork borer from 8-12-week-old pot-grown plants, were placed abaxial surface down on 3 ml of 10 mM Mes buffer (pH 5.6) containing 0. 1 To whom correspondence should be addressed (email c.brearley@uea.ac.uk).
Acid extraction of inositol phosphates
Leaf tissue was washed with distilled water, blotted dry, frozen and ground in a liquid nitrogen-cooled mortar and pestle. Tissue was extracted with 5 % (w/v) perchloric acid and the extracts were neutralized with 2 M KOH, 50 mM Mes and 10 mM EDTA [3] . In some experiments, 20 μl of 10 mM sodium phytate (Sigma P8801) was added prior to the acid.
Neutral extraction of inositol phosphates
Neutral extractions of labelled tissue were performed with modifications to a method devised for the extraction of cyclic inositol phosphates [13] . Leaf tissue was washed with distilled water, blotted dry, frozen and ground in a liquid nitrogen-cooled mortar and pestle. After the addition of 20 μl of 10 mM sodium phytate, tissue was extracted by allowing it to thaw with further grinding in the presence of 1 ml of buffer. The buffer was prepared from chloroform-saturated 5 mM KH 2 PO 4 and 10 mM EDTA (sodium salt) (pH 6.3), which was mixed in 2:1 ratio with phenol. The upper phase was used. An additional 0.5 ml of buffer was used to wash the mortar and combined with the original extract. At this point, 2 ml of phenol/chloroform/3-methylbutan-1-ol (25:24:1) (Sigma P3803), which was saturated with 10 mM Tris/HCl (pH 8.0) and 1 mM EDTA, was added. The whole was vortex-mixed for 2 min and centrifuged at 3000 g for 15 min at 4 • C. Approximately one half of the upper phase was made up to 1 ml with water, spiked with nucleotide standards and injected for HPLC analysis.
Preparation and permeabilization of mesophyll protoplasts
Protoplasts were prepared from Commelina communis and permeabilized in media containing different inositol phosphates [14] .
HPLC of inositol phosphates
Inositol phosphates were analysed by anion-exchange HPLC on Partisphere SAX columns eluted with gradients of NaH 2 PO 4 derived from reservoirs containing either buffer A (water) or buffer B [2.5 M NaH 2 PO 4 ], mixed as: 0,0; 5,0; 65,100; and 75,100 (time in min, percentage of buffer B; 65 min gradient). Additionally, inositol phosphates were resolved with gradients derived from the same buffer reservoirs mixed as: 0,0; 5,0; 95,100; and 105,100 (time in min, percentage of buffer B; 95 min gradient). Isocratic separations are indicated in the text and . Radioactivity in column eluates was determined by on-line scintillation counting or by counting of collected column fractions [3] [4] [5] .
Desalting of inositol phosphate fractions
Inositol phosphate fractions eluted on phosphate gradients were desalted on Dowex AG1 X8 resin columns, formate form [3] . its application to plant tissues. The method originates from identification of brain phosphoinositides [16] .
RESULTS
Inositol polyphosphate profiles of photosynthetic tissues of wild-type and antisense MIPS S. tuberosum HPLC of perchloric acid extracts of leaf tissue from wild-type S. tuberosum generated a chromatographic profile detailed in Figure 1(a) . That is, a number of peaks of 3 H-labelled material with increasing retention time, indicating an increase in the extent of phosphorylation. That the peaks are inositol phosphates was confirmed by a variety of tests including co-elution with 14 Clabelled standards, periodate oxidation, reduction, and subsequent HPLC of [ 3 H]polyols and demonstration of their co-elution with standards. Figure 1(b) shows the profile of [ 3 H]inositol phosphates obtained from the T4-line of antisense MIPS plants [11, 12] . In addition to acid extractions, we have performed neutral extraction of inositol phosphates under conditions designed to extract cyclic inositol phosphates from animal cells. These conditions might be expected to recover acid-labile compounds. Some authors have suggested that diphosphoinositol polyphosphates (inositol pyrophosphates), an emergent class of signalling molecules [17, 18] , are sensitive to acid extraction conditions. The present study shows identical profiles of higher inositol phosphates in potato leaf tissue extracted by acid and neutral procedures (Supplementary Figure S2 at http://www.BiochemJ.org/bj/444/bj4440601add.htm). Although we have previously identified inositol-labelled peaks more polar than InsP 6 in the acid extracts of aleurone tissue [5] , the present study did not identify peaks with retention times greater than that of InsP 6 , as expected of the diphosphoinositol polyphosphates IP 7 (diphosphoinositol pentakisphosphate) and IP 8 (bisdiphosphoinositol tetrakisphosphate).
The inositol phosphate profiles of wild-type and antisense MIPS transgenics are similar, although the extent of labelling of peaks in the MIPS transgenic is greater than for the wild-type. That inositol in leaf tissue of MIPS transgenics (0.51 μmol·g − 1 of fresh weight) was approximately 7 % of the wild-type levels and MIPS activity of wild-type leaf tissue was approximately 5-fold higher than that of antisense plants [11] affords a possible explanation of the 2-3 fold, and occasionally 5-fold, increases in labelling of inositol phosphates in the antisense transgenics observed; the large reductions in intracellular inositol reduce the dilution of [ 3 H]inositol taken up, hence increasing the specific radioactivity of those pools. The corollary of this interpretation is that the kinetic parameters of enzymes that use inositol substrate are likely to be such that the enzymes are saturated at inositol concentrations significantly below the estimated near-millimolar pool size of inositol in the transgenic. The recent characterization of myoinositol kinase mutants of maize with reduced phytate content, and a K m value (wild-type) for myo-inositol of 53 μM [19] , supports this interpretation. We have previously reported substantial differences in intermediary metabolism of MIPS transgenic and wild-type plants; these include substantially lower pool sizes of inositol, and related raffinose-family oligosaccharides in the transgenic, but also 2-4-fold increases in hexose phosphate, sucrose and starch in leaves [11] . In the present study, extraction of inositolprelabelled leaf tissue after the dark period or during the light period of our growth cycle did not substantially alter the profile of inositol phosphate peaks obtained. (Figure 3 ). These are: Ins(3,4,5,6)P 4 , S. polyrhiza [3] and Arabidopsis [8] ; D-and/or L-Ins(1,4,5,6)P 4 , PLP1B mutant and wild-type barley [6] ; lpa2-1 (low phytic acid 2-1) maize [20] ; D-and/or L-Ins(1,3,4,5)P 4 , PLP1A, 2A and 3A mutant barley [6] ; D-and/or L-Ins(1,2,3,4)P 4 , PLP1B mutant barley [6] ; barley aleurone [5] ; lpa2-1 barley [7] ; D-and/or L-Ins(1,2,4,6)P 4 , lpa2-1 barley [7] ; D-and/or L-(1,2,5,6)P 4 , barley aleurone [5] ; and PLP1B mutant barley [6] . Figure S4 at http://www. BiochemJ.org/bj/444/bj4440601add.htm). Although these runs are consistent with the identifications of InsP 3 s that we have reported for barley aleurone [5] , and for S. polyrhiza [3] , the relatively poor resolution of InsP 3 s on anion exchange columns, the large number of potential stereoisomers and the small amount Figure S6c) . Because this column does not resolve erythritol from inositol, erythritol can be obtained from certain inositol bisphosphates, an 'inositol' fraction from the Polypore separation was mixed with 14 Figure S6c) . Of the potential polyol products of mild periodate cleavage of InsP 2 , the presence of erythritol indicates the presence of D-and/or L-Ins(1,2)P 2 ; altritol and iditol, the presence of D-and/or LIns(1,4)P 2 ; and glucitol, the presence of Ins(2,5)P 2 . D-and/or L-Ins(1,2)P 2 has been identified as the product of InsP 6 catabolism [21] .
The [ 3 H]iditol peak was presented as substrate with NAD + to sorbitol dehydrogenase from sheep liver, which has preference for L-iditol over D-iditol [15] . The assay was allowed to proceed to completion with regards to the increase in absorbance at 340 nm, reflecting the stoichiometric consumption of carrier L-iditol and production of NADH. Addition of an aliquot of fresh enzyme after 20 min did not increase product formation, indicating that the reaction had gone to completion (results not shown Figures 5b  and 5c ). The enantiomeric identity of the product was established by the periodate procedure: it yielded [ 3 H]iditol (Figure 7a ) that was further purified and presented as a substrate to sheep liver sorbitol dehydrogenase in an assay containing unlabelled L-iditol substrate. That the unlabelled L-iditol was consumed (results not shown), whereas the [ 3 H]iditol was not (Figure 7b) , reveals that the product of the periodate procedure is D-iditol and hence that the parent inositol phosphate is D-Ins(1,4,5,6)P 4 .
DISCUSSION
The inositol phosphates in S. tuberosum are dissimilar to the species in frond tissue of S. polyrhiza [3, 4] , one of only a few photosynthetic tissues for which a comprehensive description of inositol phosphates has been provided. The two species are, among angiosperms, phylogenetically very divergent, representing terrestrial dicot and primitive aquatic monocot respectively. The differences in inositol phosphates detected may not represent a monocot/dicot division, however, because they are very similar to the products of phytic acid breakdown in vitro by monocot enzymes [21, [26] [27] [28] , or those found endogenously in barley aleurone [5] or grain [6] . A summary of InsP 6 metabolism revealed in the present study is shown in Figure 8 . [7] . The rationale for these interpretations is that loss-offunction mutations are more commonly obtained than are gainof-function mutations. Such interpretations assume also that inositol phosphate kinases operate exclusively in the kinase direction. Accumulating evidence shows that recombinant inositol phosphate kinases have reversible kinase/phosphatase activities [ [23] [24] [25] 29, 30] , presaged by earlier biochemical descriptions of the reversibility of a host of plant enzymes [31] [32] [33] . Thus accumulation of particular inositol phosphates could result from loss-of-function mutations in genes encoding enzymes which display phosphotransferase or phosphatase activities. This aside, the results of the present study indicate that in photosynthetic tissues D-and/or L-Ins(1,2,3,4)P 4 is a product of catabolism of InsP 6 , an observation not previously tested in any kingdom. Although this does not formally discount the possibility that D-and/or L-Ins(1,2,3,4)P 4 may also be synthesized by 2-phosphorylation of D-and/or L-Ins(1,3,4)P 3 , phosphorylation at the 2-position is the exclusive preserve of IPK [InsP 5 kinase] 1s and when tested these enzymes have been shown not to phosphorylate D-and/or L-Ins(1,3,4)P 3 [34] . [8] , is supported by evidence that Ins(3,4,5,6)P 4 is the precursor of InsP 5 in the primitive monocot angiosperm S. polyrhiza [3, 4] , and the demonstration of Ins(3,4,5,6)P 4 1-kinase activity in mesophyll protoplasts of the monocot Commelina communis [14] . The likely genetic identity of the enzymes encoding the Ins(3,4,5,6)P 4 1-kinase activity of maize, another monocot, lies within the InsP 3 /InsP 4 polyphosphate kinase family: ZmIpk (Zea mays IPK) a gene responsible for a low phytate phenotype of a Mutator insertional mutant of maize encodes an enzyme which has preference for Ins(3,4,5,6)P 4 [23] .
Our permeabilization experiments and previous work on potato enzymes are pertinent to the descriptions of inositol phosphate biochemistry revealed by genetic manipulation of Arabidopsis. The accumulation of Ins(1,4,5,6)P 4 in atipk1-1 and atipk1-1/ atipk2β-1 seedlings, but not in the wild-type [8] , may be explained by the InsP 5 [2-OH] 3-phosphatase activity that our permeabilization experiments have revealed.
The InsP 4 s detected in S. tuberosum are similar to those detected in barley aleurone and grain [5, 6] , and may represent cellular turnover of inositol phosphates. Nevertheless, the latter study looked at grain filling, and in the PLP1A, 2A and 3A mutants observed the predominant accumulation of D-and/or L-Ins(1,3,4,5)P 4 . The authors and others [7] have noted that DIns(1,3,4,5)P 4 is a product, in vitro at least, of ITPKs. This family is exemplified by ZmIPK [23] , but this enzyme and other plant members of the family [24, 25, 29, 30] generally show preference in vitro for Ins(3,4,5,6)P 4 . The founding member of this family was not tested with Ins(3,4,5,6)P 4 substrate [35] .
InsP 5 [2-OH] was not obtained from InsP 6 on permeabilization of mesophyll protoplasts. The principal product, InsP 5 [5-OH], has been described as the product of wheat bran phytase (see [21] for a review) and of lily pollen alkaline phytase [36] , which more recent work attributes to the MIPP (multiple inositol polyphosphate phosphatase/MINPP) family [37] . The latter enzyme differs from acid phytases in its preferential attack at the D-5 position [21, 36, 37] . Although it is tempting to speculate that the MIPP family is responsible for InsP 5 [5- OH] production, we should note that in animals the MIPP enzymes are localized to the lumen of the ER and the same is probably true of plants [38] .
Plants and animals share common products of InsP 6 turnover
Inositol phosphates bearing a 2-phosphate are common also to animal cells [39, 40] and, in the case of Ins(1,2,3)P 3 , have been generated from InsP 6 by homogenates of WRK-1 rat mammary tumour cells [40] . Ins(1,2,3)P 3 levels fluctuate in the WRK-1 cell cycle [41] . The latter study speculated on the possible involvement of MIPP in generation of precursors of Ins(1,2,3)P 3 , repeating previous speculation [42] . The results of the present study (summarized in Figure 8 The generation of multiple InsP 5 species from InsP 6 is a feature of InsP 6 turnover and substrate cycling that has been described in other kingdoms [43] . Substrate cycles afford fine control of metabolism and enable rapid response to changes in cellular circumstances [44] . We may speculate that the turnover observed in the present study influences physiological functions of InsP 6 including basal immunity of plants to bacteria, fungi and viruses [12] . A family of genes encoding orthologues of ABC (ATP-binding cassette) transporters have been identified in plants. Mutation of these was shown to reduce phytate accumulation first in maize kernels [45] , and a subsequent study provided biochemical evidence of the transport activity of encoded protein and confirmed a role in phytate accumulation in Arabidopsis [46] . The latter study highlighted regulation of stomatal function by this InsP 6 transporter. Other roles for inositol polyphosphates have been revealed by descriptions of inositol phosphate cofactors of auxin and jasmonate receptors [9, 10] . The conversion of InsP 5 into D-Ins(1,4,5,6)P 4 and InsP 6 into InsP 5 [1/3-OH] that we describe in the present study explains the synthesis of the inositol phosphate ligand(s) of the recombinant jasmonate receptor COI1-ASK1 (Arabidopsis SKP1 homologue 1) complex: both Ins(1,4,5,6)P 4 and Ins(1,2,4,5,6)P 5 , we assume the D-enantiomers, have been reported to be potent activators of the COI-JAZ co-receptor interaction with the jasmonate analogue coronatine [10] . A role for inositol polyphosphates in hormone receptor biology of plants is further evidenced by manipulation of COI1-JAZ co-receptor complexes in yeast two-hybrid screens in inositol phosphate-deficient backgrounds [47] . Beyond jasmonate, the metabolism of InsP 6 that we describe might be expected to affect auxin signalling through modulation of the level of the InsP 6 ligand of the auxin receptor [9] .
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